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Celecoxib (Cx), an anti-inﬂammatory drug designed to inhibit COX2, can affect some ion channels. T-
type (CaV3) channels have been implicated in sperm physiology. Here we report and characterize the
Cx induced inhibition of T-type channels in mouse spermatogenic cells. Unexpectedly, Cx can also
induce the acrosome reaction (AR), an intracellular Ca2+ ([Ca2+]i) increase and a sperm depolariza-
tion. This [Ca2+]i increase possibly results from the ability Cx has to alkalinize intracellular pH
(pHi), which is known to activate the sperm speciﬁc Ca
2+ channel CatSper. As the Cx induced
[Ca2+]i increase is sensitive to mibefradil, a CatSper blocker, this channel may mediate the Cx-
induced Ca2+ entry leading to the AR. Our observations demonstrate that Cx can compromise
fertilization.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Celecoxib (Cx) is a non-steroidal anti-inﬂammatory drug
(NSAID) designed to speciﬁcally inhibit the inﬂammation-induced
cycloxygenase 2 (COX-2) over its constitutively expressed COX-1
enzyme isoform. Nonetheless, it has been found that at concentra-
tions within the order reached in patient’s plasma (5–15 lM) [31],
in addition to this intended pharmacological target, Cx directly
inhibits several ion channels (IC50  0.5–30 lM) [1,6,13,14,23,
30,41].
The sperm acrosome reaction (AR) is an exocytotic event trig-
gered, amongst other ligands, by the zona pellucida (ZP), the enve-
lope that surrounds the egg. The AR is a process required for the
sperm to fuse and fertilize the egg, and it involves an increase in
the sperm intracellular Ca2+ concentration ([Ca2+]i) (reviewed in
[11]). The CaV3 channel family has been proposed to participate
in the AR [2,20] and its three members have been immunologically
identiﬁed in sperm [11]. However, until now Ca2+ currents (ICa) dueto low-voltage activated T-type CaV3.2, and possibly 3.1 isoforms
have been recorded either in mouse spermatogenic cells [2–
4,15,20,32,34] or in testicular sperm [25], but not in mature sper-
matozoa [22].
In addition to the proposed Cav channels, a sperm speciﬁc
Ca2+-permeable channel named CatSper has been recorded and
shown to contribute to [Ca2+]i elevation in mature mammalian
sperm [7,18,21,33,37,40]. It turns out that the two known
sperm speciﬁc channels required for fertilization, CatSper and
SLO3, a K+ channel are up-regulated by cytoplasmic alkalinization
[11,18,22,25,27,39,40,42,43].
As Cx has been recently shown to exert an antagonist effect on
L-type Ca2+ channels [36,41] and Shab K+ channels [1], we decided
to examine if it blocked the Cav3 channels in spermatogenic cells
and affected mouse sperm physiology. We are interested in ﬁnding
compounds that may affect the Ca2+ channels present in sperm, as
tools to elucidate their contribution to cell physiology and
fertilization.
Herein we report that at concentrations within the order
reached in patient’s plasma (5–15 lM), [31] Cx inhibit Cav3 (T-type
Ca2+) currents in pachytene spermatocytes (referred as spermato-
E. Balderas et al. / FEBS Letters 587 (2013) 2412–2419 2413genic cells in the rest of the text), an effect that may compromise
the process of spermatogenesis in mammals [11]. Additionally,
and unexpectedly, when found that Cx depolarizes the sperm
membrane potential, and elevates both [Ca2+]i and pHi inducing
the AR. Ultimately and importantly, these effects will prevent
sperm from reaching the ovum and fertilizing it.2. Methods
2.1. Isolation of spermatogenic cells
Cells were isolated from CD-1 adult mice (8–12 weeks old) bred
following the approved guidelines of the local Animal Care and Bio-
ethics committee, as previously reported [4].
2.2. Electrophysiological recordings
Macroscopic currents were recorded under whole-cell patch-
clamp with an Axopatch 200A ampliﬁer (Molecular Devices,
Sunnyvale, CA). Signals were ﬁltered at 2 kHz with the built-in
ﬁlter of the ampliﬁer, and digitized at 10 kHz using a Digidata
1200A interface (Molecular Devices, CA). The bath solution (BS)
contained (in mM): 2 CaCl2; 130 NaCl; 3 KCl; 2 MgCl2; 1 NaHCO3;
0.5 NaH2PO4; 5 HEPES; 10 glucose, pH 7. The internal solution
consisted of (in mM): 120 CsMeSO3; 10 CsF; 15 CsCl; 5 EGTA; 5
HEPES; 4 Mg-ATP; 10 phosphocreatine, pH 7.3. About 80% of the
series resistance was compensated. Holding potential (HP) was
90 mV.
Celecoxib (4-[5-(methyl-phenyl)-3-(triﬂuoromethyl)-1H-pyrazol-
1-yl] benzene-sulfonamide (Cx) was obtained from pharmacy cap-
sules, as reported [13,14], and dissolved in DMSO (0.1% maximum)
(Sigma–Aldrich, St. Louis, MO).
2.3. [Ca2+]i measurements
Epididymal sperm were collected by swim-up in Whitten’s
medium supplemented with 2 mM Ca2+ at 37 C. Cells were incu-
bated with 2 lM Fluo-4 AM (Invitrogen, Life Technologies, NY)
and 0.05% pluronic acid at 37 C during 30 min. Once loaded, sperm
were centrifuged to eliminate external dye and resuspended in
Whitten’s with or without 2 mM Ca2+, depending on the experi-
mental conditions. Thereafter, the sperm suspension was placed
in a recording chamber and the cells immobilized on mouse lami-
nin (2 mg/ml, Invitrogen, Life Technologies, NY) coated cover slips
and the recording chamber was ﬁlled with the proper medium. In
the blocking experiments mibefradil was added in the medium
5 min before starting the Ca2+ recordings. Fluo-4 was excited with
stroboscopic LED-based ﬂuorescence illumination system using a
Fluo 4 ﬁlter set (Excitation D: 480/30; DCLP 505; Emission 535/
40; Chroma Technology Corp.). Fluorescence was captured at
2 Hz with a Cool Snap ES CCD camera (Photometrics USA) and
expressed as F  F0/F0 (F is probe Fluorescence and F0 basal ﬂuores-
cence), as previously described [28].
2.4. Intracellular pH (pHi) measurements
pHi was estimated as previously described [9]. Brieﬂy, sperma-
tozoa (4  106 cells/ml) were loaded with 0.5 lM of the ﬂuorescent
dye 20,70-bis-(2-carboxyethyl)-5-(and-6)-carboxyﬂuorescein
(BCECF, Molecular Probes Eugene, OR, USA) 15 min at 37 C prior
the experiments. The pH calibration was performed as reported be-
fore [12]. BCECF ratio values were converted to pHi with the soft-
ware FeliX (Photon Technology International, Birmingham, NJ).
The experiments were conducted on non-capacitated mice
spermatozoa.2.5. Acrosome reaction assays
Mouse sperm selected by swim-up [16] were capacitated dur-
ing 40 min at 37 C in Whitten’s medium. Thereafter, AR was in-
duced by adding 15 lM A-23187 (Sigma, St Louis MO) at 37 C
and compared with those cells exposed to Cx (5–200 lM). AR
was determined in formaldehyde-ﬁxed sperm as previously de-
scribed [26].
2.6. Membrane potential measurements
Membrane potential was measured using 3,30-dipropylthiocar-
bocyanine iodide (DisC3 (5); Molecular Probes). Fluorescence was
monitored with a Hansatech MkII ﬂuorometer (Norfolk, UK) at
620/670 nm excitation/emission wavelength pair. Recordings were
initiated after reaching steady-state ﬂuorescence (1–3 min) and
were converted to membrane potential as described previously
[26].3. Results
3.1. Cx inhibited T-type calcium currents in spermatogenic cells
As a ﬁrst step to determine the inﬂuence of Cx on fertilization
we tested its effect on T-type Ca2+ currents which are the predom-
inant voltage-dependent conductance of mouse spermatogenic
cells [11]. Fig. 1A illustrates control Ca2+ currents (ICa) recorded
by activating the channels with 350-ms depolarizations from
80 to +50 mV, applied in 10 mV steps from a HP of -90 mV. ICa
activates at 60 mV, reaches its peak amplitude at 25 mV,
and presents the fast open-state inactivation characteristic of T-
type currents. Once control ICa was recorded, the cell was exten-
sively superfused with an external solution containing 50 lM Cx
and the activity of the channels was tested. Fig. 1B shows that
interestingly Cx inhibited 60% of ICa at all voltages. The latter is
best seen in Fig. 1C which presents the normalized average I–V
curves obtained from experiments as in A and B, as indicated.
In contrast to its effect on some K+ channels where Cx speeds
open state inactivation (e.g., see [1, 14]), the rate of ICa inactivation
was not changed (not shown, but apparent in the traces). The effect
of Cx is further characterized in Fig. 1D which displays the Cx
dose–response curve obtained from experiments as in Fig. 1A
and B (see ﬁgure legend). The line is the ﬁt of the average points
with a Hill equation with Kd of 27 lM and Hill number n = 0.93,
suggesting that a single Cx molecule binds to each channel, inhib-
iting Ca2+ permeation (see below). It is important to point out that
the measured Kd falls within the range of the reported values found
for all the other ion channels tested so far (see Section 1).
3.2. Cx effects on the gating of T-type Ca+2channels
Cx inhibition was further characterized by studying its effect on
the steady-state activation and inactivation curves of T type Ca2+
channels. We used a standard two-pulse protocol to determine
both curves (see top of Fig. 2A). Channel activation was determined
by the chord conductance obtained measuring peak ICa evoked by
200-ms depolarizing pulses of a variable amplitude that activated
and inactivated ICa. The inactivated state of the channels was deter-
mined by the current evoked by a second test-pulse of 20 mV, ap-
plied immediately after the long depolarizing pulses (see Fig. 2
legend). Fig. 2A and B are representative ICas obtained with the
above pulse protocol applied either with 0 (Control) or 50 lM Cx,
respectively. The points in Fig. 2C show that Cx did not modify
the voltage dependence of activation, demonstrating that ICa
reduction in the presence of Cx is not due to a voltage shift of
Fig. 1. Inhibition of T-type currents by Cx in mouse spermatogenic cells. (A) ICa evoked by depolarizing pulses from a 80 to + 70 mV applied in +10 mV increments under
control conditions. (B) ICa recorded as in A but in the presence of 50 lM Cx. (C) Peak-current vs. voltage curve (I–V) constructed from traces as in A and B, as indicated. (D)
Fractional ICa inhibition vs. [Cx]. Data points are (mean ± S.E.M., n = 6) of the fraction of blocked current at 20 mV for each Cx concentration. The line is the ﬁt of the points
with a Hill equation with Kd = 27 lM, and n = 0.93. HP = 90 mV.
Fig. 2. Effect of Cx on the gating of T-type Ca2+ currents. (A) ICa recorded with the two-pulse protocol depicted at the top (see Text). (B) ICa recorded as in A but 50 lM Cx in the
external solution. (C) Normalized Chord conductance (G) vs. Vm plot constructed in control (ﬁlled symbols) and in the presence of Cx (open symbols). The line is the ﬁt of the
points with the Boltzmann equation G = 1/(1 + exp ((V50-Vm)/k. (D) Steady-state inactivation curves obtained from traces as in A and B, as indicated (see Text). The lines are
least squares ﬁts to a Boltzmann function ICa = 1/(1 + exp ((V50-Vm)/k). Bars represent S.E.M., n = 6.
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Fig. 4. Cx induces AR in mature sperm cells. Capacitated mouse sperm were
exposed to increasing concentrations of Cx (1–200 lM). AR was quantiﬁed as a
percentage relative to the maximal AR induced by the ionophore A23187 (see
Section 2). Column labeled C indicates spontaneous AR. Bars represent SEM, n = 3
mice.
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steady-state inactivation curve. The points in Fig. 2D show that Cx
shifts the inactivation curve to the left reducing its slope. This sug-
gests that Cx facilitates channel inactivation in the range of volt-
ages where channels dwell in intermediate closed states of the
activation pathway (80 to 70 mV). The latter also indicates
that at least part of the Cx inhibitory effect on T-type ICa is due
to promotion of closed-state inactivation (see Section 4). Interest-
ingly, and as mentioned above, the latter is accomplished with no
evident modiﬁcation of the open-state inactivation.
3.3. Cx stabilizes the inactivated state of T-type Ca2+ channels
Cx modiﬁcation of inactivation was further characterized by
assessing the stability of the inactivated state, measuring recovery
from inactivation with a standard two pulse protocol, as illustrated
in the left panel of Fig. 3A (0 Cx) and B (50 lM Cx). In the absence
of Cx, recovery from inactivation develops in a single exponential
phase (Fig. 3A right panel), with a time constant sh of 68 ± 3 ms,
n = 6 at 100 mV (see ﬁgure legend). On the other hand, upon Cx
addition, recovery from inactivation becomes drastically slower,
indicating that the stability of the inactivated state is signiﬁcantly
increased (Fig. 3B; sh(Cx) = 385 ± 62 ms, n = 6). The above observa-
tions further demonstrate that Cx inhibits ICa at least partly by
facilitating intermediate-closed state inactivation and by stabiliza-
tion of the ﬁnal inactivated state, thus signiﬁcantly decreasing the
channel’s availability to conduct.
Regardless the detailed mechanism of Cx depression of T-cur-
rents, this effect may impair spermatogenic cell maturation and
therefore fertilization. The role of Cx on the latter was further stud-
ied by assessing its effect on sperm cells.Fig. 3. Cx slows down recovery from inactivation. (A) Recovery from inactivation in contr
activates and inactivates channels. Thereafter the membrane was repolarized to the HP
20 mV pulse. Left panel, representative control ICa. Right panel, extent of recovery obtain
50 lM Cx. Time course of recovery was ﬁtted with a single exponential equation (solid lin
presence of 50 lM of Cx. Error bars represent SEM (n = 6).3.4. Cx triggers the acrosome reaction
Considering the role of Ca2+ on AR and the inhibitory effect of Cx
on T-type Ca2+ channels, we anticipated that Cx would inhibit AR
to reveal the involvement of T-type channels in this event. In order
to test this hypothesis we determined the percentage of sperm that
undergo AR when exposed to the range of [Cx] that inhibited T-
type currents in spermatogenic cells (Fig. 4). The results in Fig. 4
show that instead of being inhibited, AR actually increased upon
addition of Cx (30% AR with 10 lM Cx vs. 20% spontaneous AR,
P < 0.05). The last bar shows the standard positive control of ARol conditions. ICa recovery was evaluated by applying a 500 ms pulse to 20 mV that
of 100 mV for the indicated time interval. Finally, recovery was tested applying a
ed from traces as in the left panel (B). Recovery from inactivation in the presence of
es through the points) with time constants sh of 68 ms for control and 385 ms in the
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ﬁndings demonstrate that, unexpectedly, Cx triggers AR in mature
mouse sperm (see Section 4).
Taking into account the above puzzling effect on AR, a process
that necessarily requires an elevation intracellular Ca2+ to occur,
we sought to determine the [Ca2+]i of mature sperm upon Cx
addition.Fig. 5. The Cx induced increase in [Ca2+]i depends on the presence of external Ca2+.
Section 2). Upper panel, (A) ﬂuorescence signal with 2 mM Ca2+ in the recording chamber
10 lM ionomycin. Middle panel, (B) ﬂuorescence signal in the presence of nominal 0 Ca2+
Lower panel, (C) ﬂuorescence signal with 2 mM Ca2+ and 40 lM mibefradil in the record
showing the increments in [Ca2+]i under the conditions indicated above. (G) Percent of D-
(n = 66 cells), non-Ca2+ added (-Ca2+) (n = 52 cells), and mibefradil (Mib) (n = 54 cells), ⁄3.5. Cx elevates [Ca2+]i in mature sperm
[Ca2+]i changes promoted by Cx addition were determined by
loading mouse sperm with the ﬂuorescent dye Fluo-4 (see Sec-
tion 2). Fig. 5A–C shows image sequences of Fluo-4 loaded sperm
bathed in a medium containing 2 mM [Ca2+]ext before and after
the addition of 50 lMCx, as indicated (see ﬁgure legend). Note thatPseudo-colored ﬂuorescence images obtained by loading sperm with Fluo-4 (see
; (A0) [Ca2+]i increase after the addition of 50 lM Cx; (A00) Ca2+i increase after adding
in the recording chamber; (B0) 0 Ca2+ plus 50 lMCx; (B00) ionomycin plus 2 mM Ca2+.
ing chamber; (C0) as in C but with 50 lM Cx; (C00) ionomycin. (D–F) F  F0/F0 traces
ﬂuorescence increase normalized to the ionomycin response in 2 mM [Ca2+]o (+Ca2+)
P < 0.001) n = 5 mice.
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ionomycin containing 2 mM Ca2+ was added to calibrate the ﬂuo-
rescent changes promoted by Cx to the maximum response elicited
by the ionophore, which in addition is a positive control of cell via-
bility (Fig. 5A00–C00). Interestingly, the [Ca2+]i increases induced by
Cx depend on extracellular Ca2+. This is seen in Fig. 5B–B00 and
Fig. 5E, which show that the Cx response in an external media
nominally lacking Ca2+ was drastically reduced (Fig. 5B0). The latter
also shows that even though Cx is a lipid soluble molecule it does
not affect sperm intracellular Ca2+ stores.
Finally, in order to gain some insight regarding the Cx molecular
target(s) underlying the increase of [Ca2+]i (Fig. 5A–A00) we added
Cx in the presence of mibefradil, a compound that inhibits the
sperm-speciﬁc CatSper Ca2+-channel [11]. The results in Fig. 5C–
C00and F show that mibefradil greatly reduced the Cx-promoted in-
crease of [Ca2+]i. The above observations are summarized in Fig. 5G
which compares the normalized ﬂuorescent changes observed
upon Cx addition in the three conditions tested.
Our ﬁndings indicate that despite of its inhibition of T-type
channels, Cx nevertheless stimulates increases in [Ca2+]i. This
may occur by up-regulating CatSper channels, as suggested by
the effect of mibefradil. Considering that CatSper is activated by
both alkalinization and membrane depolarization we assessed
the effect of Cx on these two parameters.
3.6. Cx elevates pHi and depolarizes the plasma membrane of mature
sperm
Spermatozoa loaded with the pH-sensitive dye BCECF (see
Methods) underwent a Cx induced increase in pHi. Fig. 6A shows
that this increases can be detected starting at [Cx] P30 lM and
reaches a maximum at 90 lM (0.3 units; Fig. 6B and Supple-
mentary Fig. 3). These results are consistent with the possibility
that Cx may activate ion channels sensitive to pHi such as CatSper
and SLO3. The activation of CatSper would result in [Ca2+]i increase
and promotion of AR. Activation of a Ca2+ channel or inhibition of a
K+ channel would cause a depolarization. Therefore, the effect of Cx
on membrane potential was assessed using the voltage-sensitive
dye DisC3. Fig. 6C shows that 20–50 lM Cx depolarizes non-capac-
itated sperm by 20 mV. This ﬁnding is consistent with the Cx in-Fig. 6. Cx increases pHi in mature mouse sperm and depolarizes the membrane. pHi was
and after (gray bars) Cx addition. (B) Incremental pHi change (DpHi) caused by the indicat
as a function of [Cx]. Vm under control conditions (-50 mV) was depolarized  + 20 mVduced stimulation of a Ca2+ conductance (Fig. 5) sensitive to pHi
but does not discard the possibility that the inhibition of a K+ con-
ductance by Cx could contribute to membrane depolarization. Fur-
ther studies are needed to test this hypothesis.4. Discussion
In this study we have shown that the NSAID celecoxib inhibits
T-type Ca2+ channels in mouse spermatogenic cells and affects
the Ca2+, pHi and membrane potential homeostasis of sperm. All
things considered, Cx may hinder fertilization.
4.1. Cx inhibition of T-type ICa in spermatogenic cells
It has been shown that Cx inhibits L-type ICa [41]. We observed
that T-type Ca2+ channels of spermatogenic cells are also inhibited
by Cx added to the external solution, with a Kd of 27 lM. The dose–
response curve indicates that Cx binds to the channels with 1:1
stoichiometry, suggesting that the protein presents a single site
where this drug is able to bind at low micromolar concentrations
similar to those found in human plasma (5–15 lM) [31], inhibiting
ICa.
T-type channels inactivate from both open and closed states
[8,32,35]. In contrast to its lack of effect on open-state inactivation,
here we have shown that Cx increases the fraction of channels that
inactivate at intermediate negative potentials where channels
dwell in intermediate closed states of the activation pathway, thus
changing the slope of the steady-state inactivation curve, shifting
the V50 to the left, and decreasing channel availability.
The ICa inhibition exerted by the Cx-enhanced closed-state inac-
tivation is reinforced by the drastic decrease that the drug pro-
duces in the rate of recovery from inactivation. Notably,
hyperpolarization does not diminish this effect. This is in contrast
with observations on K+ channels of the Shab family in which Cx
also slows recovery from inactivation but the effect is relieved by
membrane hyperpolarization [1]. This difference could possibly
arise from the characteristic lack of voltage dependence of recov-
ery from inactivation of T-type Ca2+ channels at hyperpolarized
voltages [35].measured using BCECF (0.5 lM) as described in Section 2. (A) pHi before (black bars)
ed [Cx]. DMSO was used as a control. ⁄⁄ P 6 0.01 (n = 4). (C) Vm values (see Section 2)
in the presence of 50 lM Cx. Bars represent SEM, n = 3.
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Considering that mammalian AR requires Ca2+ uptake and T-
type Ca2+ channels have been implicated in this process [2,20],
we expected Cx to inhibit the mouse AR. Unexpectedly our ﬁndings
showed that Cx triggered this Ca2+-dependent process at concen-
trations that inhibited T-type channels in spermatogenic cells
(Fig. 4), an apparent paradox that we investigated further. It is
important to note that a low but signiﬁcant AR induction was pro-
voked by Cx at concentrations as low as 5 lM, which are in the
range of those reported in human plasma [31]. As the AR is a pro-
cess highly dependent on extracellular Ca2+ and our results show a
clear inhibitory effect of T-type channels by Cx when studied in
spermatocytes, we believe that another Ca2+ entry mechanism is
being activated by this drug when studied in mature spermatozoa.
One of the major candidates to contribute to this Ca2+ uptake is the
CatSper channel, which has been shown to be a promiscuous ion
channel [5]. Although it is not clear if Cx could directly activate
CatSper or indirectly by rising intracellular pH, our study suggests
that an additional Ca2+ conductance other than T-type channels
may participate in AR.
Consistent with its effect on AR, we found that Cx increases
[Ca2+]i and pHi, and depolarizes non-capacitated sperm. We con-
sider that, besides the chemical nature of Cx as an amide [10,17],
this compound may cause an alkalization by inhibiting carbonic
anhydrases present sperm cells [24,29,38]. Alkalization may in
turn activate two major and well documented participants in the
mammalian AR, CatSper Ca2+ and SLO3 K+ channels [11,19,22].
The pH-mediated activation of SLO3 should hinder the observed
membrane depolarization, as it would do the Ca2+-dependent acti-
vation of SLO1 K+ channels [11]. Taking this into account we cannot
discard the possibility that Cx might inhibit SLO channels, an effect
that has been observed on other K+ channels [13,14]. On the other
hand, Ca2+ entry through the alkalization-activated CatSper would
depolarize the membrane and elevate [Ca2+]i, promoting AR. This
contention is supported by the fact that the Cx induced [Ca2+]i in-
crease is sensitive to mibefradil, a CatSper blocker. Although fur-
ther work is needed to test this proposal, our observations
unmistakably demonstrate that the broadly commercialized and
commonly used NSAID Cx compromises critical steps of the fecun-
dation process.
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